premature death of two ␤-Trcp1 Ϫ/Ϫ mice from thymic showed a strong reduction of mature spermatozoa and the presence of abnormal cells and cellular debris not lymphomas at 6.5 and 19 months of age.
found in wild-type mice (Figures 2A and 2C ; n ϭ 11, ␤-Trcp1 Ϫ/Ϫ males and n ϭ 9, wild-type males). Figures Reduced Fertility and Accumulation of Metaphase I Spermatocytes in ␤-Trcp1-Deficient Males 2E-2I show histological sections of testes from control and knockout adult mice. Seminiferous tubules at stage Although copulatory behavior was normal and vaginal plugs were produced, ␤-Trcp1 Ϫ/Ϫ males have a fertility VII showed a number of irregularities, including the formation of vacuoles and a smaller number of round sperdefect. In breeding experiments, 50% of the tested ␤-Trcp1 Ϫ/Ϫ males never produced progeny with young matids arranged in irregular patterns ( Figure 2F ). In addition, multinucleated cells (arrows in Figure 2F ), which fertile wild-type females (Table 1 ). In addition, the remaining 50% showed reduced fertility, as judged by appear to be abnormal round spermatids, were present. Frequently, these multinucleated cells were very large the number of litters generated and the mean litter size (Table 1) ; n ϭ 4 for each group; p ϭ 0.005; Figure 2H ). Moreover, a fraction of spermatocytes cell; Figure 4A ). Quantitative analysis revealed that abnormal amplification of the centrosomes was present in displayed spindle abnormalities and misaligned chromosomes (not shown). The histopathologic defects in 21.5 Ϯ 1.9% of ␤-Trcp1 Ϫ/Ϫ MEFs compared with a value of 3.2 Ϯ 2.8% for ␤-Trcp1 ϩ/ϩ MEFs ( Figure 4B ). As shown different ␤-Trcp1 Ϫ/Ϫ mice paralleled their fertility impairment, as sterile animals showed more severe abnormaliin Figure 4A , centrosome splitting occurs regularly in ␤-Trcp1 Ϫ/Ϫ MEFs, as the supernumerary centrosomes ties than those observed in mice with reduced fertility.
Altogether, our data indicate that a prolonged and appeared well separated from each other. In addition, 11.6% of the mitotic ␤-Trcp1 Ϫ/Ϫ MEFs showed multipoabnormal meiosis in spermatocytes may be responsible for the reduction of postmeiotic spermatids in testes and lar spindles ( Figure 4C ), indicating that at least a fraction of the supernumerary centrosomes is mature as spinmature spermatozoa in epididymes with the consequent reduced fertility in ␤-Trcp1-deficient males. Thus, these dles organizers. In turn, the abnormalities in spindle structures are likely to be the cause of the misalignment results reveal a role for ␤-Trcp1 in the control of meiosis.
of chromosomes from the metaphase equator observed by staining condensed chromosomes with an anti-phosMitotic Defects and Centrosomal Overduplication pho-specific antibody to Histone H3 ( Figure 4C ). in ␤-Trcp1 Ϫ/Ϫ MEFs A prolonged S phase or mitosis can result in centroTo determine whether the meiotic defects observed in some overduplication. ␤-Trcp1 Ϫ/Ϫ MEFs show a delay germ cells corresponds to a mitotic defect in somatic in progressing through mitosis but not through the G1-S cells, we used MEFs, where cell cycle alterations can transition. Thus, the centrosomal overduplication of mube studied in greater detail than in vivo. We prepared tant cells could be attributable to the mitotic defect. MEFs from ␤-Trcp1 ϩ/ϩ and ␤-Trcp1 Ϫ/Ϫ embryos and Significantly, the mitotic defects of ␤-Trcp1 Ϫ/Ϫ MEFs are examined their cell cycle properties in culture. The consistent with the meiotic phenotype observed in germ cell cycle profiles of asynchronous early-passage cells.
␤-Trcp1
Ϫ/Ϫ and ␤-Trcp1 ϩ/ϩ MEF cultures were very similar, as revealed by flow cytometry analysis ( Figure 3A) . We then investigated the progression from G1 into S
Stabilization of Mitotic Regulators in ␤-Trcp1
Ϫ/Ϫ
MEFs and Testes phase. ␤-Trcp1
Ϫ/Ϫ and ␤-Trcp1 ϩ/ϩ MEFs were arrested in G0/G1 by serum deprivation and then reactivated with Because ␤-Trcp1-deficient MEFs displayed delayed mitotic progression, we analyzed the expression of cell serum. Following reentry into the cell cycle, the kinetics of S phase entry were similar in the two genotypes (Figcycle regulatory proteins. In agreement with the data concerning DNA replication ( Figures 3A and 3B ), followures 3A and 3B). In contrast, when we analyzed the progression through mitosis, we observed significant differing reentry into the cell cycle, levels of cyclin A and cyclin B gradually increased with similar kinetics in wildences. Cells were arrested in prometaphase using nocodazole treatment followed by mitotic shake-off. At type and mutant cells ( Figure 5A ). We then analyzed the levels of these cell cycle regulators during the M-to-G1 various times after replating in fresh medium, cells were collected and specific mitotic forms were analyzed by transition. Prometaphase cells were allowed to synchronously progress through mitosis and enter into the next immunofluorescence ( Figures 3C and 3D ). Forty-five minutes after replating, 51.1 Ϯ 5.3% of ␤-Trcp1 Ϫ/Ϫ MEFs G1 phase. Significant differences between the two genotypes were consistently observed in multiple experiments were either in prometaphase, metaphase, or anaphase, while only 20.1 Ϯ 6.2% of wild-type cells were still at using different batches of early-passage MEFs obtained from ␤-Trcp1 Ϫ/Ϫ and littermate control mice (a representhese mitotic stages. By 75 minutes, the differences were less dramatic, with 85.1% of wild-type cells having tative example is shown in Figure 5B ). As expected (Girard et al., 1995), cyclin A and cyclin B were present in exited mitosis and entered the next G1, whereas 26.0% Figures 7D and 7E ). In contrast, Emi1(S145A/S149A) mutant was stable in Basal levels of ␤-catenin are identical in ␤-Trcp1 ϩ/ϩ MEFs from both genotypes ( Figure 6B, bottom panel) .
and ␤-Trcp1 Ϫ/Ϫ MEFs ( Figure 7F, lanes 1 and 2) , as well To test whether a difference in Emi1 degradation correas in a number of tissues examined ( Figure 5E ). We sponds to a difference in its ubiquitinylation, we develtested whether ␤-catenin degradation was impaired oped a cell-free assay for Emi1 ubiquitinylation using after release from a Wnt3a-mediated ␤-catenin accumuextracts from prometaphase MEFs. Using this assay, lation. After treatment with Wnt-3a for 2 hr, ␤-catenin we found that Emi1-ubiquitin ligation activity is higher increased substantially in both ␤-Trcp1 ϩ/ϩ and in an extract from wild-type prometaphase MEFs than ␤-Trcp1 Ϫ/Ϫ cells ( Figure 7F, lanes 3 and 7) , and after from ␤-Trcp1-deficient prometaphase MEFs ( Figure 6C , Wnt3a withdrawal, levels of ␤-catenin were consistently lanes 1-8). Emi1(S145A/S149A) mutant was not ubiquitiand timely restored in MEFs from both genotypes (Fignylated by either extract (not shown) . Importantly, the ure 7F). Similarly, kinetics of ␤-catenin degradation were addition of a recombinant purified SCF ␤-Trcp1 complex identical in MEFs from the two genotypes after a release to a prometaphase extract of ␤-Trcp1 Ϫ/Ϫ cells strongly from a treatment with lithium chloride used to stabilize rescues its ability to ubiquitinylate Emi1 ( Figure 6C , lanes ␤-catenin (not shown). 9-12), whereas recombinant purified SCF Skp2 complex The result that the bulk of IB␣ and ␤-catenin is dehad no effect (not shown). Figure 7C ), or a variety of Emi1 stability. other stimuli or stresses (i.e., PMA, sorbitol, tunicamycin, H 2 O 2 , and UV; data not shown). We also stimuDiscussion lated thymocytes with TNF␣ ( Figure 7D ) and macrophages with LPS ( Figure 7E ). At different times after A Role for ␤-Trcp1 in Meiosis and Mitosis stimulation, cells were collected and lysed, and cell exIn this report, we show that ␤-Trcp1 loss of function in tracts were used for either immunoblotting or to meamice does not affect viability but induces an impairment sure NFB DNA binding activity by electrophoretic mobility shift assay. We consistently observed normal of spermatogenesis and reduced fertility. This is likely 1 and 2), spleen (lanes 3 and 4), pancreas (lanes 5 and 6), heart (lanes 7 and 8), lung  (lanes 9 and 10), kidney (lanes 11 and 12), and thymus (lanes 13 and 14) were immunoblotted with the antibodies to the indicated proteins. -7) , or directly to immunoblotting to check levels of expression of wild-type and mutant Emi1 proteins (lanes 8-10) . 
